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Moharned Henini 
I The 'Low Dimensional Structures and Devices' (LDSD) conference is continuing to grow and I was delighted 
to see so many papers submitted from around the world. The LDSD'99 meeting was held at the 
Renaissance Antalya Resort, Antalya, Turkey, on 15-17 September 1999. The programme at this the third 
in this series of international conferences addressed the latest advances in a broad range of LDSD 
technologies, and their integration for a variety of applications. 
H eterostructure devices, 
such as laser diodes and 
high electron mobility 
transistors (HEMTs), play an in- 
creasingly important role in our 
lives, and are the enabling compo- 
nents in such common items as 
compact disc players, cellular tele- 
phones, fibre communication, and 
direct broadcast elevision. Their 
impact would be even greater, 
however, if they were not limited 
to applications involving single de- 
vices or combinations of a few de- 
vices by the lack of an integrated 
circuit technology for heterostruc- 
ture devices comparable to what 
now exists for silicon. 
C.G. Fonstad and his co-workers 
at MIT, USA, have made major ad- 
vances in integrating complex III-V 
heterostructures with commercial 
VLSI electronic circuits with the 
development of the Epitaxy-on- 
Electronics (EoE) technology. With 
the EoE technique they grow III-V 
heterostructures directly on com- 
mercially processed GaAs integrat- 
ed circuit wafers. There have been 
numerous EoE applications in op- 
toelectronic integration. Fonstad 
reported on the recent progress 
towards the monolithic integration 
of silicon CMOS electronics with 
heterostructure d vices and how 
they have expanded the range of 
materials which can be Integrated 
with the development of two 
companion integration technolo- 
gies: Silicon-on-Gallium Arsenide 
(SonG) and Aligned Pillar Bonding 
(APB), respectively. 
In SonG, wafer bonding and SOI 
techniques are used to create 
CMOS electronics in thin silicon lay- 
ers bonded through intermediate 
dielectric films on GaAs wafers. The 
GaAs provides an optimal substrate 
for GaAs-based heterostructures. In 
APB, III-V heterostructures are 
formed in dielectric windows on 
processed GaAs or SonG integrated 
circuits using aligned bonding, 
rather than with epitaxy as in EoE. 
The heterostructures are subse- 
quently processed into devices 
monolithicany integrated with the 
pre-existing electronics as in the 
EoE process. 
Smart pixel technology 
Hybrid VLSI-optoelectronics, also 
called smart-pixel technology, ex- 
ploits the respective strengths of 
free-space optics and electronic 
processing. The recent integration 
of micron-size optoelectronic com- 
ponents uch as emitters, photode- 
tectors and spatial light modulators 
within VLSI electronic hips allows 
the fabrication of on/off-chip data 
communication rate systems of the 
order of 1012 pin-Hz. This aggre- 
gate rate is at least one order of 
magnitude higher than is presently 
achievable by electronics alone. 
Several issues, however, remain to 
be resolved in order to benefit fully 
from this technology. These in- 
clude the relevance of optics in in- 
formation processing systems, the 
design of the electronic ircuitry, 
its interfacing with optoelectronic 
components, the yield of the hy- 
brid chips and the testing of the 
resulting systems. 
In order to answer these issues, a
brief introduction to the concept of 
smart-pixel technology was 
presented by M.P.Y. Desmulliez 
(Heriot-Watt University, UK) along- 
side several demonstrators built on 
this technology. In particular, 
emphasis was put on the current 
status of optoelectronic ompo- 
nents and their interfacing with 
electronics. Of particular interest is 
the determination f the optimum 
number of electronic gates per opti- 
cal input and output channel in 
order to maximize system perfor- 
mance. This degree of complexity, 
called pixel smartness, was demon- 
strated to depend on a very small 
set of basic parameters, which char- 
acterize the processing element in 
the optical and electrical domains.A 
semi-empirical method, which re- 
lies on simulation-based calcula- 
tions of the system's optical and 
electrical power budgets, was pre- 
sented. The talk ended by consider- 
ing which areas of device and 
system development should be 
pursued in order to exploit he full 
aggregate bandwidth of such 
demonstrators. 
High-resolution 
lithography 
Low dimension structures and 
quantum devices require high- 
resolution lithography. Electron 
beam lithography has been the 
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over a htmdred times more sensi- 
tive than PMMA and highly resistant 
to dry etch. They have been widely 
used in deep UV photolithography 
at quarter micrometre resolution. 
Z. Cui (Rutherford Appleton 
Laboratory, UK) reported results 
on the investigation of the use of 
commercially available CARs for e- 
beam nanolithography. Processes 
have been optimized for both posi- 
tive tone resist UVIII and negative 
tone resistsAZPNI 14 and SAL60 1. 
A number  of CARs were compared 
with their performances and 
process latitudes (Figure 1). Sub-50 
nm resist features have been pro- 
duced by e-beam lithography, with 
the best result of 30 nm lines of 7:1 
aspect ratio. The author believes 
that this investigation has opened a 
new route for low dimension 
structure fabrication at both high 
resolution and high throughput. 
Novel photonic 
crystal waveguides 
Photonic crystals are essentially 
multidimensional dielectric super- 
lattices, which forbid the propaga- 
tion of photons over a certain ener- 
gy range. Important applications for 
photonic crystals are now emerg- 
ing in integrated optics. For exam- 
ple, the large-scale integration of 
optical devices has so far been in- 
hibited by the problem of guiding 
light efficiently around tight bends. 
It has been predicted that by incor- 
porating a line defect within an oth- 
erwise regular photonic crystal, a 
novel photonic crystal waveguide 
structure can be created (Figure 2). 
Since mode confmement in a pho- 
tonic crystal waveguide device is 
not reliant upon the process of total 
internal reflection, photonic crystal 
waveguides provide a viable 
method to overcome this problem. 
M.D.B. Charlton et aL 
(University of Southampton, UK) 
presented an experimental investi- 
gation into photonic crystal wave- 
guide devices such as 
beam-splitters and waveguide 
bends. Devices are based on a tri- 
angular array of holes etched 
through the core layer of a blanket 
silicon nitride/silicon dioxide 
Figure 1. (a) 30 nm line of negative chemi- 
cally amplified resist exposed by VB6-HR 
electron beam lithography system at 100 
keV energy. (b) 100 nm pillars of negative 
chemically amplified resist exposed by 
EBML-300 electron beam lithography sys- 
tem at 50 keV energy. (c) Sub-50 nm lines of 
positive chemically amplified resist by elec- 
tron beam lithography with VB6-HR system 
at 1000 keV energy. (Images courtesy of Z 
Cui, Rutherford Appleton Laborato~ UK.) 
commonly used tool for patterning 
features at sub-lO0 nm dimensions 
to meet the demands. So far 
nanometre structures using e-beam 
have been generated exclusively 
with PMMA resist, wl~ich is a posi- 
tive tone e-beam resist. Apart from 
its very low sensitivity PMMA is not 
dry etchable, which makes it diffi- 
cult to transfer resist patterns to 
substrates by a RIE process.There is 
a new class of resists, chemically 
amplified resists (CARs), which are 
Figure 2. Photonic crystal waveguide incorporating a wide defect region, which defines a very 
tight waveguide bend (see inset) within the photonic crystal attice. (Courtesy of M.D.B. 
Charlton, Southampton Universi~ UK.) 
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Figure 3. A 12-fold symmetric photonic 
quasi-crystal (lattice pitch = 260 nm) 
structure fabricated within the core layer of 
a planar silicon nitride waveguide structure. 
(Courtesy of M.D.B. Charlton, 
Southampton University, UK.) 
waveguide structure (Figure 3). For 
control purposes, conventional 
MESA isolated waveguide devices 
were also fabricated with identical 
geometry and dimensions. In con- 
trast to the published theory for ar- 
rays of high dielectric rods 
surrounded by air, where light is 
predicted to be strongly confined 
to a low index waveguide region, 
the authors predict hat waveguide 
modes confined within the inverse 
structure will nearly always have a 
significant port ion of the mode en- 
ergy confined within the surround- 
ing porous layer. This leads to 
significant mode loss due to scat- 
tering from the holes. Preliminary 
experimental results suggest that 
this is indeed the case. Methods to 
model and improve mode confine- 
ment were also discussed. 
High-performance 
laser diodes 
High-performance III-V semicon- 
ductor laser diodes emitting in the 
mid-infrared (3-5 ~tm), which are of 
practical interest for numerous ap- 
plications including detection of 
molecules that have absorption 
lines within this wavelength region, 
military countermeasures, and laser 
radar, were discussed by M. Razeghi 
(Northwestern University, USA). 
Currently, three types of interband 
laser structures are considered as 
promising high power, high temper- 
ature lasers: InAs/InAsSb/AIAsSb 
double heterostructures (DH), 
InAs/InAsSb/InAsP and InAs/InAsSb 
strained layer superlattices (SLS). 
DH InAsSb/InAsSbP heterostruc- 
tures were grown by low-pressure 
MOCVD for high power  lasers emit- 
ting at ~L = 3.4 ~tm. These lasers ex- 
hibited peak output powers of 1.88 
W in pulse and 350 mW in CW 
modes at T = 80 K with a T O of 54 
K. Additionally, a maximum peak 
output power  of 6.7 W was ob- 
tained from laser bars consisting of 
four 100 ~tm width stripes with a 
cavity length of 1 mm. This regis- 
ters the highest output power from 
a single chip for this wavelength 
range. 
Despite the high power success- 
es of emitters with ~L < 4 ~tm, fur- 
ther increasing the emission 
wavelength in order to cover the 
entire mid-infrared region while re- 
taining a high output power for DH 
and multiple quantum well (MQW) 
structures has proved to be difficult 
because of problems associated 
with strain induced dislocations 
and limited gain. Much longer 
wavelength emission was obtained 
from structures based on strained 
layer superlattices. InAs/InAsSb/ 
InAsP SLS lasers have been demon- 
strated at ~L = 4.08 ~tm. The output 
power was measured to be 546 
mW with a corresponding thresh- 
old current density of 100 A.cm 2 
and differential efficiency 30%. CW 
measurements resulted in an output 
power of 94 mW per two facets.At 
higher currents, Joule heating be- 
comes significant and is most likely 
the predominant limiting mecha- 
nism at these high powers. In addi- 
tion, InAs/InAsSb strained-layer 
superlattice lasers have demonstrat- 
ed lasing between 4.2-4.8 ~tm. 
Output power versus current mea- 
surements for ~L = 4.26 ~tm revealed 
a threshold current density of 300 
A.cm "2 and a characteristic tempera- 
ture ofT o = 4OK.The highest operat- 
ing temperature was measured to 
be 140 K. Similarly, the maximum 
output power for lasers emitting at 
4.46 and 4.76 ]am was measured to 
be 460 mW and 230 mW at T = 80 
K.This is the longest reported emis- 
sion wavelength and highest output 
power for injection interband lasers 
with this material system. 
Electron spreading 
effects 
I. Khmyrova and co-workers 
(University of Aizu, Japan) present- 
ed results of a study of the electron 
spreading effects in an integrated 
quantum well infrared photodetec- 
tor (QWIP) and light-emitting diode 
(LED) pixeUess imaging device. In 
the QWIP part of the imager a far-in- 
flared (FIR) radiation image is trans- 
formed into a non-uniformly 
distributed current of the photo- 
electrons (photo-holes) excited due 
to their intersubband transitions. 
The photocurrent is injected into 
the LED part of the device resulting 
in non-uniform near-infrared (NIR) 
or visible radiation (NIR or visible 
image). The QWIP-LED perfor- 
mance is limited by the electron in- 
jection from the QWlP emitter and 
lateral spreading of the photoelec- 
trons in both the QWlP and LED 
parts. 
The developed analytical QWIP- 
LED device model takes into ac- 
count both the photoelectrons'  
recombination and their genera- 
tion by the reabsorbed radiation, 
and the propagation of NIR radia- 
tion along the LED active region. 
The calculated spatial distributions 
of the injected photocurrent,  he 
photoelectrons in the LED active 
region, and the output  NIR radia- 
t ion intensity are used to obtain 
the device performance.  It is 
shown that: (1) uniform injection 
into the QWIP does not signifi- 
cantly affect the QWIP-LED pixel- 
less imager characteristics if the 
number  of the QWs (in its QWlP 
part) is large enough; (2) the carri- 
er spreading effects in the QWIP 
and LED parts of the QWIP-LED 
pixelless imaging device associat- 
ed with lateral diffusion have a 
weak inf luence on the device 
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performance; (3) the NIR photon  
re-absorption and re-emission can 
significantly deteriorate the 
QWIP-LED pixelless imager spatial 
resolution resulting in values sub- 
stantially smaller than those deter- 
mined by the diffraction limit. 
Improving opto 
performance 
The performances of optoelectron- 
ic devices, such as lasers, have been 
improved significantly by inserting 
quantum wells in the active layer. 
Advances in crystal growth, e.g. by 
MOVPE on InP, have further al- 
lowed the precise tailoring of the 
strain in novel structures with spe- 
cific optical properties required in 
telecom applications: efficient light 
generation, amplification, modula- 
tion and s~'citching are a few exam- 
ples of signal processing in fibre 
optic networks at 1.5 btm. Issues 
pertaining to in-line components in- 
clude in particular polarization in- 
sensitivity to the input signal: this 
has been addressed along lines 
mostly based on bandgap engineer- 
ing of wells and barriers of the ac- 
tive layer stack. Polarization 
independent guided-wave semicon- 
ductor optical amplifiers (SOAs) 
have hence been developed using a 
tensile strained layer or a combina- 
tion of tensile and compressively 
strained multiple quantum wells for 
TM/TE gain ratio tuning. 
Optimization of these devices has 
led to increased functionality 
demonstrated for example in wave- 
length conversion, and space 
switching. 
Quantum well bandgap engi- 
neering has also found a major ap- 
plication in the monolithic 
integration of Photonic Integrated 
Circuits (PICs). Selective Area 
Growth (SAG) of quantum wells, 
where several bandgaps (corre- 
sponding to different optical func- 
tions) may be obtained in a single 
epitaxial step, is now becoming a 
routine technique for PIC achieve- 
ment. Interdiffusion of quantum 
wells, after the growth of the 
active layer, is yet another oute for 
selective gap tuning. Integrated 
sources including a single frequen- 
cy laser and EA (electro-absorp- 
tion)-modulators have equally 
been achieved by using a specific 
common active layer for both opti- 
cal functions. A. Ramdane (France 
Telecom, France) discussed high- 
lights of these achievements. 
Surface structuring 
In conventional light-emitting 
diodes, the external quantum effi- 
ciency is limited by total reflection 
at the semiconductor-air interface 
to about 2% per facet. Planar LEDs 
therefore are limited to approxi- 
mately 2%, and cubic LEDs to 12%. 
Ways to improve on this limitation 
are (1) integration of a lens on the 
device, (2) the use of resonant-cavi- 
ty structures, and (3) surface struc- 
turing of the surface. The latter 
method was the subject of the 
presentation of P .Heremans 
(University of Leuven, Belgium).The 
invited speaker and his co-workers 
structured the surface of LEDs with 
pillar-like columns. The pillars have 
a diameter and height of some hun- 
dred nanometres.They are random- 
ly distributed over the surface.The 
LED active layer is sandwiched be- 
tween this structured surface and a 
mirror. Photons bouncing in the 
cavity formed between the textured 
surface and the mirror are diffract- 
ed at every interaction with the sur- 
face. The randomization of their 
propagation direction that ensues 
allows them to ultimately escape 
from the semiconductor. 
No theoretical calculation al- 
lows prediction of the diffraction of 
non-perpendicular optical waves at 
random two-dimensional diffraction 
gratings. The authors have, there- 
fore, characterized this diffraction 
by measurements. Furthermore, 
they have fabricated non-resonant 
cavity (NRC) LEDs using this ran- 
domization principle. NRC-LEDs 
that have attained external quan- 
tum efficiencies as high as 36% for a 
single facet have been reported. 
Renaissance in nitride 
crystal growth 
Due to their superior intrinsic prop- 
erties - such as the wide range of 
direct transition type band struc- 
ture, chemical and physical stability, 
high thermal conductivity and high 
electron saturation velocity - group 
III nitrides are regarded as some of 
the most promising materials for ap- 
plications to short wavelength 
LEDs, laser diodes (LDs) and photo- 
diodes (PDs) and as well as high- 
temperature electronic devices. 
Moreover, nitrides are the most 'en- 
vironmentally friendly' LED and LD 
materials available. To realise such 
novel devices, it is essential to grow 
high-quality nitride single crystals 
and to control their electrical con- 
ductivity. During the past three 
decades, pioneering work on GaN 
has been done by many re- 
searchers. However, it has been 
quite difficult to grow high-quality 
epitaxial GaN Film with a flat sur- 
face free from cracks. This is mainly 
caused by the lack of thermally sta- 
ble substrate materials with lattice 
constants and thermal expansion 
coefficients close to those of GaN. 
Moreover, it has generally been 
found that tmdoped GaN was 
strongly n-type with high residual 
electron concentrations; indeed p- 
type GaN and GaN p-n junctions are 
a relatively recent invention. Thus, 
GaN activities lowly faded and this 
created a big gap in the history of 
group III nitride research. Recent 
development of low-temperature 
deposited buffer layer (LT-buffer) 
technology has led to the growth of 
very high-quality GaN, A1GaN, 
GaInN fdms and their heterostruc- 
tures. Using such high-quality ni- 
tildes, p-type conduction in nitrides 
was achieved for the first time. 
Conductivity of n-type nitrides has 
also been controlled.These achieve- 
ments have helped to develop high- 
performance short wavelength 
LEDS, LDs, [SV-PDS, and FETS. 
Until recently, GaN thus grown 
using an LT-buffer still contains dis- 
locations of 10 9 - lOl°cm -2. These 
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Figure 4. (a) Manipulation of an individual C60 molecule on the Si(lOO)-(2xl) surface. C60 
adsorbs in the trough between dimer rows (visible as the surface corrugation in the image) 
and an STM operating at room temperature has been used to push the molecule along the 
trough. (Diameter of C60 ~ 1 nm.) (b) Wire of C60 molecules on the Si( l O0) surface formed 
by room temperature STM manipulation. Each protrusion is an individual C60 molecule. 
(Courtesy of P. Moria~ Nottingham Universi~ UK.) 
dislocations do not severely affect 
the LED lifetime, but affect LD and 
FET performances. Quite recently, 
much reduction in dislocation den- 
sity has been achieved by develop- 
ing multi LT-buffer layer technology. 
I. Akasaki (Meijo University, Japan) 
gave an excellent review on the re- 
naissance and progress in crystal 
growth and achievement of con- 
ductivity control of group III nitride 
semiconductors in the past three 
decades, as the groundwork for re- 
cently developed high-performance 
short wavelength LEDs and LDs. 
Future prospects of group III ni- 
tride materials and devices were al- 
so discussed. 
Increasing solar cell 
efficiency 
The absolute fficiency limit upon a 
photovoltaic solar cell based on ho- 
mogenous emiconductor material 
is 33%, with commercial cell effi- 
ciencies less than half this. 
However, the thermodynamic l mit 
upon the conversion of sunlight o 
electricity is a more substantial 
93%. A paper by M.A. Green 
(University of New South Wales, 
Australia) explored how low dimen- 
sional structures might be used 
partly to bridge this gap. Two previ- 
ous suggestions have been superlat- 
tice window layers in amorphous 
silicon solar cells and multiple 
quantum well solar cells. In the first 
case, homogeneous cell limits can 
be more closely approached and, in 
the second, benefits are still uncer- 
tain. One property of a superlattice 
relevant o photovoltaics i the in- 
crease in energy between conduc- 
tion and valence bands as the 
periodicity shortens, allowing effec- 
tive control of bandgap. For exam- 
ple, a silicon based tandem cell 
could be developed using a Si/SiO 2 
superlattice top cell with many en- 
vironmental dvantages for such an 
'all silicon' cell. More adventurous 
devices will also be proposed. For 
example, a recent analysis shows 
that a 3-band device has a conver- 
sion limit 50% higher than the con- 
ventional 2-band. Green presented a 
unique exploratory overview of 
these and related approaches and 
techniques for implementing them. 
Doping buckyballs 
Buckminsterfullerene (C60) might 
be said to be a molecule custom- 
built for nanoscale science and 
technology. At roughly 1 nm in di- 
ameter, the electronic properties of 
individual buckyballs may be 
changed by adding functional 
groups to the fullerene cage, 
placing an atom inside the cage 
(to form an endohedral fullerene) 
or, as E Moriarty (University of 
Nottingham, UK) discussed, by re- 
placing a C atom of the cage by an 
atom of higher (specifically, N) or 
lower (B) valence. This latter type 
of molecule has been termed a 
'doped buckybal1' or 'dopyball', 
highlighting the comparison that 
may be drawn between the role the 
N or B atom plays in the molecule 
to conventional dopant species in 
an inorganic semiconductor. 
It was demonstrated that both 
buckyballs and dopyballs may be 
precisely manipulated - at room 
temperature and at the subnanome- 
tre scale - on Si surfaces using the 
scanning tunnelling microscope 
(STM) (Figure 4). These experi- 
ments not only enable the fabrica- 
tion of fullerene nanostructures but 
also allow a direct probing of inter- 
molecular interactions at the single 
molecule level. Results of molecular 
manipulation experiments in the 
context of fullerene-Si surface 
chemical interactions were present- 
ed.These were studied via synchro- 
tron-based photoemission a d X-ray 
absorption measurements. Progress 
towards forming electrical contacts 
to STM fabricated fullerene nanos- 
tructures were introduced. 
Concluding remarks 
The conference covered a wide 
range of materials growth tech- 
niques, materials, characterization, 
processing, device fabrication, mi- 
crosystems, applications, and other 
related topics. One virtue of this 
conference is the diversity of topics 
discussed at the meeting, which en- 
couraged the exchange of ideas be- 
tween the broad range of physics 
and engineering disciplines. 
The oral and poster presenta- 
tions from the conference will be 
published in the journals Materials 
Science and Engineering B and 
Microelectronic Engineering, re- 
spectively, both published by 
Elsevier. 
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